Introduction
Localized surface plasma resonance (LSPR) is an optical field strongly confined on metallic surface. It is widely used for single photon source [1] , applications of optical transmission [2] and surface Raman scattering spectroscopic detection [3, 4] via silver (Ag) nanowires (NWs). The rising field enhancement is so called Purcell effect [5] , which is proportional to the ratio of optical mode quality factor (Q) and mode volume (V). Therefore, optical mode volume existed in metallic cavity is dramatically smaller than dielectric cavity to achieve the operating beyond diffraction limit. Ensemble colloidal quantum dots (QDs) as a light emitter are coupled to the gap between Ag NW and Ag thin film to generate a hybrid local gap plasmon [6] .
In this study, we demonstrated the enhancement of gap plasmon on a silver nanowire with a gold tip of a atomic force microscopy (AFM) system. By controlling the gap distance between silver nanowire and gold (Au) tip, the gap plasmonic signal can be enhanced more than 4 times. Quantitative analyses of Purcell factor of the gap plasmon are also studied with the time-resolved photoluminescence (PL) characterization. Fig. 1 shows the illustration of the experiment.
Experiment and result
At the beginning of fabrication procedures, silver NWs were spun on a glass substrate which is shown in Fig. 1 . The size of silver NWs are 80 to 120nm in diameter, and 3 to 10 μm in length. A 100 nm PMMA thin layer was them coated on the top of silver NWs. This thin PMMA layer prevents the fluorescence emitted from CdSe/ZnS QDs quenching near the surface of metal [7] . At the end, QDs spun on the top of PMMA spacer. The colloidal QDs has strong emission around 655 nm with 25 nm of full width at half maximum (FWHM) A 532nm pulse laser as excitation source is used in confocal microscope. The optical intensity was focus with a 100X oil immersion objective lens with NA 1.4. This lens was mounted on a piezo-scanner, which we can monitor the position of Ag NW and QDs. The fluorescence emission from the sample was collected by optical channels and detected with avalanche photodiodes (APD). An AFM system was used to control the position of the Au-coated tip in order to approach the Ag NWs on the glass substrate. By using contact mode operation in the AFM, we can manipulate the tip front of the cantilever to approach silver NW 1nm per step when excitation source aligned to AFM tip. By 532 nm laser excitation, fluorescence intensity from QDs was observed at the end of silver NW, and detected by APD. Fig. 1 The illustration of the experimental geometry for enhancing gap plasmon of Ag nanowire with an AFM Au tip. By precise control in the distance between Ag NW and Au tip, we characterized the plasmon intensity at varied gap distances. Fig. 3 shows the measured plasmon intensity at distance between 14 nm to 0 nm. The intensity is clearly enhanced approximately 4.2 times. Fig.  4 shows the simulated results for gap plasmon of the silver NW with finite-element method (FEM). The simulated geometry of the device and the calculated |E| 2 intensity profile for the silver NW without Au tip are shown in Fig. 4(a) . The plasmon intensity is mainly located between the Ag NW and the bottom glass   -3 2 8 -E x t e n d e d A b s t r a c t s o f t h e 2 0 1 1 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , N a g o y a , 2 0 1 1 , p p 3 2 8 -3 2 9 substrate. Fig. 4(b) show the simulated results for the Ag NW with the Au tip. The distance between Au tip and PMMA layer is 5 nm in the simulation. The gap plasmon intensity is clearly confined well between Au and Ag NW, and its peak intensity is 6 times higher than the intensity from the Ag NW without the tip, which is shown in Fig.  4(a) . The simulated results agreed to the enhancement of the measured intensity of the gap plamon in Fig. 3 . Fig. 3 The measured intensity of the gap plasmon signal at different gap distances. Time-resolved photoluminescence spectra versus gap width are shown in Fig. 5 . Measured photon lifetimes from QDs on the glass and from QDs on an Ag NW are 12.9 (black) and 2.3 ns (red), respectively. The 5 fold enhancement in spontaneous emission rate is mainly from the coupling between QDs emission and plasmon mode of Ag NW, which shown in Fig. 4(a) . When an Au tip nearly approach to Ag NW, photon decay rate is expected to be modified by gap width. The purple curve is the PL decay spectrum from the Ag NW when the gap width is 5 nm. The photon life time reduced to only 1.6 ns for this case. This indicates the spontaneous emission rate was 1.4 times compare to the rate without the tip. Overall we obtained a 8 fold enhancement in spotaneous emission of QDs by controlling the gap distance between the Ag NW and the Au tip. Fig. 5 The time-resolved photoluminescence (PL) spectra from single QD (black line), single QD coupled to silver nanowire (red line) and AFM tip away from PMMA 5 nm (purple line).
Conclusion
We demonstrate an approach to enhancing gap plasmon of a Ag NW by controlling AFM Au tip position. The measured plasmon intensity increases, when the gap width decreases. Photon lifetime dropped rapidly when tip nearly approaches to Ag NW due to photons emitted from QDs coupled to gap plasmon. An 8 fold enhancement in spontaneous emission rate was also observed in Time-resolved photoluminescence characterization.
